INTRODUCTION
Settlement of new individuals into adult habitats has a major influence on population dynamics in marine communities. Settlement rate, the rate at which planktonic larvae establish permanent contact with the substratum, depends on the encounter rate of larvae with the shore or seabed (Gaines et al. 1985 , Bertness et al. 1996 , on suitable settlement substratum (Raimondi 1990 , Minchinton & Scheibling 1991 , Pineda & Caswell 1997 , and on small-scale hydrodynamic and behavioural processes (Raimondi 1988a , Mullineaux & Butman 1991 , Raimondi & Morse 2000 .
ABSTRACT: Many marine invertebrate larvae have the capacity to reject or accept settlement sites based on a broad range of cues. Species-specific settlement responses to different cues are often inferred from final settlement choice in the field. Little is known about species-specific larval behaviour in response to different cues and, in particular, how the behaviour is linked to final settlement. Rejection of unsuitable substrata may be an important driving force that leads to aggregated settlement patterns. This study examines rejection responses in relation to surface attractiveness for settlement under field and laboratory conditions in the barnacle Balanus improvisus. The attractiveness for settlement was manipulated by varying surface texture in combination with crude extract from conspecific adults. Active rejection behaviour was examined as a function of surface texture and conspecific pheromones in the field and then related to behavioural responses under static and flowing conditions in the laboratory. Recruitment was heavily reduced on substrata with ribbed microtexture compared to smooth substrata and unaffected by crude extract from conspecific adults. On average, 28% of the cyprids that encountered smooth settlement panels recruited. The proportion of cyprids recruiting on 2 microtextured substrata after encounter was 5 and 1% respectively. In behavioural experiments cyprids showed higher motion speed and dispersal rate on textured substrata, which indicated less exploratory behaviour than on smooth substrata, while an addition of conspecific extract increased intensities of surface exploration on all types of substrata. Flume experiments further demonstrated that cyprids are more prone to leave textured substrata and that the rejection rate was independent of conspecific extract. This work emphasises the role of larval behaviour as a potentially powerful mechanism determining final recruitment pattern. It is concluded that the choice of settlement site is an important factor in the settlement process of B. improvisus, and the results suggest that surface topography may be a stronger cue for settlement than chemical attraction by conspecific adults in this species. This study presents an example whereby rejection of unsuitable substrata leads to an increased larval pool on adjacent substrata that are suitable for settlement, and indicates that this process may drive aggregated settlement in the barnacle B. improvisus.
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Most invertebrate larvae have the ability to choose a settlement site, and the final decision is influenced by stimuli perceived in the surrounding environment. Settlement of sessile marine invertebrates often results in aggregated settlement patterns. Aggregation of conspecifics through gregarious settlement is believed to be one of the main processes structuring communities of sessile marine invertebrates (e.g. Pawlik 1992 , Toonen & Pawlik 1994 , Zimmer & Butman 2000 . Gregariousness is particularly prevalent among barnacles, for which chemical inducers derived from conspecific adults and larvae are regarded as the main cues that drive aggregated settlement (e.g. Knight-Jones 1953 , Crisp 1974 , Yule & Walker 1985 , Clare et al. 1994 , Miron et al. 1996 . Induced settlement by conspecific chemical cues has been shown for several barnacle species in laboratory experiments (e.g. Knight-Jones 1953 , Crisp & Meadows 1962 , Rittschof et al. 1984 , Dineen & Hines 1992 and in the field (e.g. Raimondi 1988a , Jarrett 1997 , Wright & Boxshall 1999 . However, cues other than the presence of conspecifics may contribute to aggregated settlement patterns. Physical cues associated with the substratum can influence settlement in barnacle larvae; these include surface topography (Crisp & Barnes 1954) , physico-chemistry of the substratum (Raimondi 1988b , Roberts et al. 1991 ) and flow regime (Mullineaux & Butman 1991) . Several non-conspecific biochemical cues are also known to affect the settlement of barnacles, e.g. compounds from other invertebrate species (Rittschof et al. 1985 , Raimondi 1988a ), bacterial films (Maki et al. 1988 ) and algae (Le Tourneux & Bourget 1988 , de Nys et al. 1995 .
Cues may stimulate or deter settlement, and many studies of substrate-specificity indicate that larval acceptance and rejection strongly influence final settlement patterns (reviewed by e.g. Crisp 1974 , Pawlik 1992 . Hui & Moyse (1987) suggested that rejection of unsuitable substrata increases the supply of prospective settlers to adjacent suitable substrata and thereby contributes to aggregated settlement patterns. Indeed, it was proposed that rejection of unsuitable substrata might be more important for the formation of aggregations than preferential settlement near conspecific adults. Responses to different cues have often been inferred from observations of the final settlement location, e.g. in relation to the presence or absence of conspecific chemical cues and surface complexity (e.g. Raimondi 1988a , Wethey 1986 , Walters & Wethey 1996 . Although rejection of unsuitable substrata may be hypothesised from differences in final settlement intensity, more elaborate investigations of the active component of larval rejection require estimates of the number of larvae arriving and making initial contact with a substratum, and finally the number settling or leaving that substratum. Then, examination of the particular behaviour leading to rejection may explain if the process is active or passive. Walters (1992) and Lemire & Bourget (1996) compared locations where larvae first contacted topographically complex substrata to sites with metamorphosed larvae, and suggested that choice of settlement site was best explained by larval selection. Responses in larval behaviour to different stimuli have often been observed in the laboratory (e.g. Hills et al. 1998 , Walters et al. 1999 , Berntsson et al. 2000a ), but may not correspond to natural conditions in the field where larvae are subjected to several stimuli simultaneously (e.g. Hills et al. 2000) . As advocated by Zimmer & Butman (2000) , studies of larval responses should be performed in the presence of major stimuli experienced in the field to avoid serious artefacts. Laboratory studies have, nevertheless, improved our understanding of larval sequential behaviour leading to final settlement (e.g. Lagersson & Høeg 2002 ) and how they detect chemical signals in their environment (Zimmer-Faust & Tamburri 1994 , Clare 1995 , Zimmer & Butman 2000 . Few studies have focused on the active behavioural components leading to rejection of substrata and what consequences rejection may have on the settlement rate on suitable adjacent substrata. Indirect methods to indicate rejection of different substrata have been used by Rittschof et al. (1984) and Holm (1990) . Both studies estimated responses in larval behaviour of Balanus amphitrite by measuring the time it took larvae to pass through tubes under low-flow conditions. Rittschof et al. (1984) showed that the time required to pass through the tubes was influenced by the presence of conspecific extract and the age of the cyprids, and Holm (1990) found that the passage time in tubes with different materials was influenced by the genetical background of the larvae. More direct studies of larval rejection were performed by Mullineaux & Butman (1991) , who explored larval initial contact and substrata as a function of flow velocity. In their laboratory flume, cyprids rejected surfaces more frequently in a fast flow (10 cm s -1 ) than in a slow flow (5 cm s -1 ) but it was not possible to distinguish between passive detachment and active rejection (Mullineaux & Butman 1991) . Eckman et al. (1990) assessed the drag forces associated with cyprid detachment from surfaces in a flume, and found that the forces required were positively correlated with the duration of antennular attachment (Eckman et al. 1990) .
The barnacle Balanus improvisus shows aggregated recruitment patterns on smooth settlement panels in the field, while recruitment is strongly reduced on adjacent textured surfaces (Berntsson et al. 2000a ,b, Berntsson & Jonsson 2003 . Differences between smooth and textured panels were best explained by responses in larval behaviour (Berntsson et al. 2000a ). However, cues or processes that contribute to aggregated settlement in B. improvisus have not been investigated in field experiments. Dineen & Hines (1992) showed that cyprids of B. improvisus are stimulated to settle in the presence of extracts from conspecific and congeneric adults in a laboratory study. In their study, settlement was higher in containers with conspecific than with congeneric cues and was lowest in untreated containers.
Differences in recruitment patterns of Balanus improvisus on panels differing in surface texture cannot be explained by the presence of conspecific adults. In the present study, we instead explored the effect of larval rejection of unsuitable substrata as a potential process leading to aggregated settlement. Our approach was to estimate the relative role of larval behaviour and active rejection for patterns of recruitment in the barnacle B. improvisus. The temporal variability in contact rate and recruitment rate was measured on substrata inducing different larval behaviour. Surface texture was presented as a negative cue, untreated smooth panels as an independent treatment lacking a negative cue, and adult extract as a positive cue of conspecific presence. Behavioural differences in response to these cues were first established and quantified in laboratory experiments. The field experiments were then designed to test the relative effects of surface texture and conspecific extract on recruitment and to estimate active rejection of unattractive substrata. In particular, we wanted to (1) quantify responses in larval behaviour to the different cues under static and flowing conditions, and (2) determine if recruitment reflects the relative strength of the cues in the field. The approach was to link behavioural responses to final choice of settlement site in the field and to test (1) if chemical cues from conspecific adults are the major mediator of aggregated settlement patterns, or (2) if rejection of unsuitable substrata may contribute to aggregations on adjacent substrata that are suitable for settlement.
MATERIALS AND METHODS
Study area and organism. Field studies were performed in the Tjärnö archipelago (58°53' N, 11°8' E), at the northern part of the Swedish Skagerrak coast. The Skagerrak Sea is a transitional area between the Baltic Sea and the North Sea and is characterised by a complex hydrography due to dynamic anticlockwise circulation and the mixing of several different water masses (Gustafsson & Stigebrandt 1996) .
The barnacle Balanus improvisus is the dominant fouler on artificial substrata in the study area (Berntsson & Jonsson 2003) . B. improvisus was introduced to Scandinavian waters during the 19th century and is now common in salinities from 34 psu on the Norwegian west coast to around 3 psu in the Baltic Sea (Foster 1987) . On the Swedish west coast, B. improvisus is found on most natural substrata, although it seems to have a preference for artificial substrata (Berntsson et al. 2000b , Berntsson & Jonsson 2003 . In Swedish waters, B. improvisus reproductive activity occurs continuously during the summer and early autumn. Settlement and recruitment normally occur from June to October with peak settlement from July to September (Berntsson et al. 2000a , Berntsson & Jonsson 2003 , depending on water temperature. The distribution of cyprids in the water column depends on the strength of the vertical mixing in the surface layer, but under normal summer conditions B. improvisus settles most abundantly within the top 3 m of the water column, although occasional settlement has been recorded down to 7 m depth (Berntsson et al. 2000a) .
Contact and settlement rates on substrata of different attractiveness. In a field experiment, surface texture on settlement panels was manipulated to evoke gradual responses in Balanus improvisus recruitment. Previous studies had shown that surface texture is a negative cue for settlement in cyprids of B. improvisus, and that the settlement response varies with topographic scale (Berntsson et al. 2000a,b) . We used 1 smooth and 2 micro-ribbed substrata of similar geometry but of different size to create substrata with decreasing attractiveness for settlement. Surface treatments were untreated polymethyl-methacrylate (PMMA) panels (smooth), PMMA panels with a ribbed, peaked structure of 64 µm height and width at the base (Riblet 1), and PMMA panels with a ribbed, peaked structure of 352 µm height and 134 µm width at the base (Riblet 2) (for SEM micrographs and topographical characterisations see Berntsson et al. 2000b ). Manufacturing of riblet-structures in PMMA involved curing liquid methyl-methacrylate (mixed with 3.5% catalyst hardener) in inverse vinylpolysiloxane moulds. The master moulds were pre-fabricated polyvinylidenefluoride (PVDF, Riblet 1) and polyvinylchloride (PVC, Riblet 2) riblet films (Berntsson et al. 2000b ) that were first replicated into vinyl polysiloxane dentalimpression material (Provil ® novo, Type 3, low-consistency; Heraeus Kulzer, EN 24823) and the replica were subsequently used as moulds for curing PMMA. Production of smooth test panels was similarly carried out by replicating a smooth glass substratum into vinyl polysiloxane and use the smooth replica as a mould for curing PMMA. Methyl-methacrylate was cured in UV radiation (250 nm) for 30 min and then in ambient sunlight for 1 wk. The vinylpolysiloxane mould was then removed and the PMMA casts were heated for 5 min at 90°C and 1 h at 60°C in a desiccator. After heating, the panels (60 × 60 mm) were placed in running seawater for 1 wk prior to use. Dineen & Hines (1992) have shown that substrata coated with extract from conspecific adults stimulate settlement in cyprids of Balanus improvisus. Therefore, extract from conspecific adults was included as a treatment factor to investigate the relative effects of microtexture and extract on recruitment separately and in combination. Crude extract from conspecific adults was prepared as described in Rittschof et al. (1984) and frozen at -18°C until use.
This study was also designed to estimate the proportion of cyprids that settled onto substrata after contact as a function of surface attractiveness. Initial surface contact of cyprids was determined by coating settlement panels with silicone grease ('Hochvakuum Fett Mittel', Wacker) to prevent larvae from leaving the substratum after initial contact (Walters 1992) . Subsets of all surface treatments were coated with extract and vacuum silicone grease, respectively, and then airdried for 12 h prior to use.
Test panels were fixed randomly to 2 aluminium frames, with 6 replicates of each panel treatment (smooth, Riblet 1 and Riblet 2: untreated topography, topography coated with adult crude extract and topography coated with silicone grease), and were then submerged to a depth interval of 1 to 2 m. Frames were submerged from a stationary raft located in a 15 m deep bay with weak water currents (0.05 m s -1 ) outside Tjärnö. Panel treatments were submerged between 3 and 7 July, 24 and 31 July, 2 and 7 August, 11 and 16 August, and finally between 17 and 22 August 2000. After field exposure, the number of cyprids recruited on untreated and extract-treated topographies and trapped on the greased panels was counted using a dissecting microscope. Furthermore, 6 replicates of each untreated smooth, Riblet 1 and Riblet 2 panels were submerged between 3 July and 1 September 2000 to test the effect of microtexture on barnacle recruitment over a longer time interval.
A separate experiment was carried out to check that cyprids trapped on silicone grease remained after several days of field exposure. Cyprids were first allowed to make contact with 8 panels prepared with silicone grease in the laboratory for 24 h, and then the number of cyprids trapped on all panels was counted before exposure in the field. Finally, the number remaining trapped was counted on duplicate panels removed after 2, 4, 6 and 8 d of submersion in the field respectively.
In contrast to the results obtained by Dineen & Hines (1992) , conspecific crude extract prepared as described in Rittschof et al. (1984) had no obvious effect on Balanus improvisus recruitment in the present field experiment. New field and laboratory experiments were therefore conducted in 2002 with crude extracts prepared as in Matsumura et al. (1998a) and a new preparation of freshly homogenised adults (Raimondi 1988a) . Preparation of crude extract involved crushing adults in Tris-HCl, filtering the homogenate through gaze followed by centrifugation, and finally filtering the supernatants (Whatman No. 5). The preparations of homogenised extract involved crushing adults in sterile filtered seawater and then filtering the homogenate through gauze. Protein concentrations of the extracts were 0.9 mg ml Crude extract was cured in Phytagel. Treatments were allowed to dry for 12 h at room temperature in a fume cupboard prior to exposure in field trials. Finally, recruitment was compared with smooth untreated PMMA panels and PMMA panels prepared with Phytagel as controls. Test panels were fixed randomly to 2 aluminium frames, 4 replicates of each panel treatment (PMMA control, Phytagel control, PMMA with evaporated crude extract, Phytagel with crude extract and PMMA with evaporated homogenised extract) and then submerged to a depth of 1 to 2 m. Panel treatments were submerged between 6 and 11 September and between 13 and 20 September 2002. After field exposure, the number of cyprids recruited on panels was counted. The laboratory experiment included treatments of crude extract and homogenised adults (prepared as above). Crude extract was cured in Phytagel at concentrations of 1 and 11 mg m -2 in polystyrene containers (∅ 48 mm, Nunc 536757), and crude and homogenised extracts were evaporated at serial concentrations of 1, 11, 111, 370 and 1111 mg m -2 in containers. Settlement was compared between containers treated with different extracts and concentrations and controls in a laboratory assay. Polystyrene containers with Tris-HCl evaporated and cured in Phytagel were used as controls for treatments of crude extract, while untreated containers were controls to treatments of homogenised extract. We supplied 3 replicate containers per treatment with 30 ml sterile filtered seawater and 45 3-d-old cyprids (reared in the laboratory as described below), respectively. Settlement and metamorphosis were examined after 6 d under a dissecting microscope.
Cyprid behaviour on substrata of different attractiveness in still and flowing water. In laboratory ex-periments we investigated the exploration behaviour of cyprids exposed to substrata with different surface attractiveness. Cypris larvae of the barnacle Balanus improvisus were obtained from a stock of adult individuals maintained at the Tjärnö Marine Biological Laboratory, and were reared in batch culture on the diatoms Skeletonema costatum and Thalassiosira pseudonana at 27°C as described in Berntsson et al. (2000a) . The cyprid stage was reached 6 d after hatching. Cyprids were then stored in the dark at room temperature (21°C). Previous studies had indicated that the intensity of surface contact and exploratory behaviour diminish in B. improvisus cyprids when stored (2 to 3 d) at lower temperatures (4 to 13°C: authors' pers. obs.). Cyprid behaviour was monitored on Days 2 and 3 after the last moult, as settlement is most intense in this age group (K. M. Berntsson pers. obs.). The response in exploratory behaviour to different surface treatments was examined in still and flowing water. Collection of larvae and experiments in still water were carried out during May and June 2000, and flume studies were carried out during December and January 2000-2001. Substrata with different attractiveness for settlement were prepared on PMMA panels (smooth, Riblet 1 and Riblet 2): untreated topography and topography coated with adult crude extract as described above for the field experiment.
In the still-water experiments, 4 replicate arenas of each topography (smooth, Riblet 1 and Riblet 2) were prepared with a plastic frame enclosing each arena (30 × 30 mm). All replicates were soaked in distilled water (1 wk) and then split into untreated and treated topographies as described above. Each trial included untreated topographies and topographies prepared with extract from conspecific adults placed in petri dishes with 20 ml of sterile-filtered seawater (30 ‰). A cyprid that performed surface exploration in the storage beaker was haphazardly collected (from approximately 5000 individuals) and transferred to the enclosed arena 10 min before recording. Cyprids that did not show any exploratory behaviour during this time were replaced. Cyprid movements in the arenas on different surface treatments were recorded with a video camera (Mintron CCD Camera, Olympus 50 mm lens) with background illumination directed through the transparent PMMA. Digitised video images from the camera were sampled at 1 Hz and analysed in real time with image-analysis software (IP Lab for Apple Macintosh). The cyprid position, cyprid long and short axes and the angle of major axis were recorded and stored on file. Cyprid behaviour on each surface treatment was recorded for 12 separate individuals from 3 different batches at Days 2 and 3. If a cyprid explored the wall of the arena instead of the target substratum or was trapped in occasional impurities on the substratum, the recording was terminated and resumed with a new individual. Substrata were washed in hot water (75°C) between daily recordings; and in detergents with citric acid (280 ml Extran AP22, pH 2.21, in 3.5 l H 2 O) followed by rinsing in hot water and soaking in distilled water between weekly recordings (substrata with and without adult extract were kept separate at all times). The path of each cyprid was tracked for 7.5 min, resulting in a database of ca. 450 positions. From each path we calculated the speed, fractal dimension (Sugihara & May 1990) and path sinuosity (Bovet & Benhamou 1988) . Fractal dimension was calculated by the dividers method (Sugihara & May 1990) on walking tracks. Sinuosity expresses the intensity of direction changes, and is assumed to correlate with close exploration, i.e. the behavioural stage indicative of an attractive substratum (Crisp 1974) .
Exploratory behaviour in relation to surface treatment and flow was studied in a laboratory flume, consisting of a Plexiglas tank 1.7 × 0.2 × 0.1 m with a PVC return pipe (diameter 0.13 m). Seawater was added to the flume to a depth of 2 cm. Dye was added to the flume and the velocity gradient and turbulence at different flow speeds were measured from video recordings of particle trajectories. The water passing over the working section was fully turbulent, and the boundary-layer thickness (δ) is then growing as (Schlichting 1979): (1)
In a free-stream flow speed of 2 to 8 cm s -1 , the boundary layer was fully developed at the working section located 1 m from the entrance (a velocity of 4 cm s -1
gives a boundary-layer thickness of 4.4 cm).
Water temperature was maintained at 21°C during the experiments. Close observation of cyprids exploring a substratum subjected to flow showed that up to a free-stream velocity of 4 cm s -1 they continued to walk across the substratum, apparently unimpeded by the flow (Jonsson et al. 2004 ). At about 8 cm s -1 cyprids became motionless, with their antennulae attached to the bottom substratum (Jonsson et al. 2004 , see also Walters et al. 1999) . Settling behaviour in flume flow was studied at a free-stream velocity of 4 cm s -1 , a velocity that allowed us to quantify the proportion of cyprids that left a substratum after exploration. Exploratory behaviour was studied on smooth and riblet surfaces with and without adult extract (PMMA, 60 × 60 mm, produced as described for the field study). We placed 1 of the substrata in the flume working section (riblets arranged in the direction of the flow). Substrata with and without adult extract were run in separate trials. The panels were illuminated from below by a lamp placed underneath the working section. From ca. 5000 individuals, 40 to 50 cyprids were haphaz-
ardly collected and deposited near the centre of each substratum. The relatively small panels motivated a larger initial amount of cyprids in this experiment because of the risk of cyprids accidentally leaving the panels while swimming or walking. The cyprids were allowed to acclimate to the substrata for 5 min in still water. The remaining cyprids were then counted through a dissecting microscope, and the flow velocity was set to 4 cm s -1
, the flow gradually increased from stagnant to the chosen speed over 1.5 min. The number of cyprids exploring the substrata was counted again after 2, 5, 10, 15 and 20 min in flowing water. We used 2 panels of each combination of surface texture and adult extract. For each panel, 3 replicate experiments were run with cyprids from 2 different batches at Days 2 and 3. Between runs the panels were washed in hot (75°C) water. The sequence of panels was randomly selected. In the analysis, the proportion of cyprids left on each substratum after 5 min was used as the dependent variable.
Statistical treatment. If not otherwise indicated, data are reported as means with 95% confidence intervals. Analysis of variance (ANOVA) was used to test for differences in recruitment and behaviour among surface treatments. The orthogonal factors considered in the analyses of recruitment included surface microtexture ('topography'), extract from conspecific adults ('extract') and weekly interval of submersion ('week'). Analyses of behaviour included the factors 'topography' and 'extract'. All factors were considered as fixed in the analyses except week, which was considered as random. A posteriori comparisons were performed using the Student-Newman-Keuls (SNK) procedure, and tests for homogeneity of variances were performed using Cochrans's C-test (Winer et al. 1991) . Data sets on recruitment showed heteroscedasticity and were accordingly log-transformed (log 10 ) prior to the ANOVA. This also implies that interactions among factors should be interpreted on a proportional scale. For the field experiments, data were log-transformed as log 10 (recruitment +1). Ratios of recruitment were transformed as sin -1 (1232 ratio). In all statistical analyses, a Type I error (α) of 0.05 was used.
RESULTS

Field experiments
Recruitment on smooth versus microtextured substrata
Balanus improvisus recruitment on smooth and microtextured PMMA panels was compared after a longterm exposure in the Tjärnö archipelago from July to September 2000. The number of recruits decreased gradually from smooth substrata to Riblet 1 (small riblet) and Riblet 2 (large riblet) treatments (Fig. 1) . Although all surface textures differed from each other (ANOVA, F 2,15 = 96.4, p < 0.05, SNK, p < 0.05) recruitment was particularly low on Riblet 2 (large riblet) panels (20 ± 15 ind. dm , Fig. 1 ), which indicates a gradual recruitment response as a function of riblet size and geometry.
Recruitment at weekly intervals
Recruitment of Balanus improvisus on microtextured substrata separately and in combination with extract from conspecific adults was tested in 5 short-term exposures (5 to 7 d) during July and August 2000. Short-term exposure of microtextured surfaces further demonstrated that the effect of surface texture on B. improvisus recruitment was consistent also at shorter timescales (Fig. 2a, Table 1 ). The presence of adult extract on smooth and microtextured substrata had no detectable effect on recruitment rates, as shown by the non-significant interaction (ANOVA, F 2,8 = 1.7, p > 0.05) (Fig. 2b, Table 1 ). The ANOVA detected significant second-and first-order interactions with the random factor week (Table 1) . Inspection of the interactions among topography, adult extract and week shows that the qualitative difference between smooth and the 2 sizes of surface topography changed slightly between weeks when adult extract was present (Fig. 2) The effects of conspecific cues on Balanus improvisus recruitment were further tested in 2 short-term exposures (5 to 7 d) during September 2002. Panel treatments included crude extract evaporated on panels, extract cured in Phytagel, and homogenate of adult tissues. As in the study in 2000, there was no effect of conspecific adult extracts on recruitment compared to untreated PMMA panels (ANOVA, F 4,15 = 1.2, p > 0.05, Fig. 3 ). Recruitment tended to be lower in treatments with extract in Week 37 than in the previous week, however, this difference was not significant (ANOVA, F 1, 38 = 3.7, p > 0.05, Fig. 3) . Settlement responses to different preparations and concentrations of conspecific extracts in the laboratory assay corresponded to those in the field experiment. There was no stimulating effect of adult extracts on settlement in the assay; instead, settlement seemed to decrease with increasing concentrations of crude and homogenised extracts (ANOVA, F 6,14 = 6.1, p < 0.05, SNK, p < 0.05, Fig. 4 ). 
Contact and recruitment rates
Evaluation of contact rate on panels with silicone grease was run parallel to the 5 short-term incubations on the different surface textures. Average settlement ratio, the ratio of recruitment rate to contact rate, was 0.28 ± 0.19 on smooth settlement panels and 0.05 ± 0.06 and 0.01± 0.03 on Riblet 1 and Riblet 2 substrata, respectively. Contact rate and settlement ratio on smooth substrata varied between weeks (ANOVA, F 4, 25 = 22.2, p < 0.05 and F 4, 25 = 8.8, p < 0.05, respectively). Cyprids made most contact with substrata in Week 27 and least contact during Week 33 (SNK, p < 0.05). Settlement ratio was lowest in Week 27 (Fig. 5 , SNK, p < 0.05).
No significant relationship was found between contact rate or settlement ratio with recruitment rate for the different surface treatments (regression, p > 0.05). Fig. 6 shows examples of recorded cyprid paths on the smooth and the topographic Riblet 2 substratum. Cyprids moved more continuously and randomly over the Riblet 2 surface (Fig. 6b) . The speed of cyprid movement was significantly slower on the smooth substratum and the sinuosity was higher (Fig. 7 , ANOVA, , mean + 95% CI, n = 15) of cyprid movements on smooth and microtextured surfaces frequency of close exploration on the smooth substratum. The presence of conspecific crude extract decreased the speed of movement (Fig. 8a , ANOVA, F 1, 60 = 6.8, p < 0.05) and increased the sinuosity of the path on both smooth and riblet substrata (Fig. 8b , ANOVA, F 1, 42 = 14.5, p < 0.05). No difference in path fractal dimension was detected between the surface treatments (ANOVA, F 2, 42 = 1.07, p > 0.05).
Larval behaviour
Observations of settlement behaviour in a flume flow allowed us to quantify the proportion of cyprids that left a substratum after exploration. The disappearance of cyprids may reflect either active rejection or passive detachment. Active rejection of smooth and riblet substrata were studied at a flow speed of 4 cm s -1 . The number of cyprids exploring substrata decreased at a higher rate on the riblet 2 substratum than on the smooth substratum with time (Fig. 9) . After 5 min in flowing water, the proportion of cyprids remaining on the riblet 2 substrata was significantly lower (ANOVA, F 1,16 = 12.8, p < 0.05) than on the smooth substrata (Fig. 10a) . This difference indicates a higher propensity of cyprids to leave riblet substrata. We found no effect of the crude extract in the flume experiments (ANOVA, F 1,16 = 3.4, p > 0.05, Fig. 10b) .
DISCUSSION
The present study tested the hypothesis that active settling behaviour may contribute to differences in recruitment on small spatial scales. Recruitment, in the field and in the laboratory, was considerably lower on riblet than on smooth substrata. Less exploratory behaviour occurred on the riblet substrata, as indicated by a higher speed of movement and higher dispersal rate compared to smooth surfaces. Flume experiments further demonstrated that cyprids are more prone to leave riblet substrata. The behavioural studies thus strongly suggest that cyprids actively rejected the riblet surfaces. In the field, adjacent panels differing in surface texture showed dramatic differences in recruitment rate. Contact rates were similar for the smooth and the riblet substrata and the percentages of cyprids encountering the panels that finally settled were 27, 5 and 1% for smooth and the 2 repellent riblet substrata, respectively. We interpret this difference as a consequence of active rejection of the textured substrata. Similar results were found in Berntsson et al. (2000a) , who tested a wide range of surface textures. Reduced recruitment on textured substrata could be due to physical constraints, e.g. inability to make initial contact with the substratum or reduced adhesion at final settlement. There was a decline in recruitment from smooth to the 2 different types of riblets used, and this response was independent of the exposure interval (Figs. 1 & 2a) . The intermediate recruitment on the Riblet 1 substratum indicates that most cyprids choose not to recruit on structured substratum even when the geometry of the substratum physically allows adhesion and fixation. Further support of active larval behaviour in response to surface topography was reported by Berntsson et al. (2000a) , who found that cyprids settled more often on a smooth part of a substratum than on a textured part in choice experiments. These results are in further agreement with those of previous behavioural studies in which, after exploration, cyprids rejected textured substrata more often than smooth substratum (Berntsson et al. 2000a ). The cyprid contact rate and the settlement ratio showed no relationships with final recruitment on the different surface treatments in the present study, a result that may indicate that the presence of conspecific larvae or juveniles has a minor influence on aggregated settlement patterns in this species and that other factors are more important. However, in a recent study of contact and settlement rates on smooth Plexiglas panels performed over larger spatial and temporal scales we noticed that settlement rate was significantly correlated to contact rate (Jonsson et al. 2004 ). Lack of a relationship in the present study may indicate that replication was insufficient to detect an effect. There is also the possibility that settlement decreased when recruits occupied a certain amount of the substrata. For instance, Chabot & Bourget (1988) working with Semibalanus balanoides found a positive relationship between settlement rate and recruit density until approximately 30% of the free space was covered, after which settlement rate decreased, with the relationship disappearing at higher densities. A similar result was obtained by Raimondi (1990) , who reported that recently settled Chthamalus anisopoma appeared to inhibit further settlement after 14 d in the field.
Our finding that almost one-third of the cyprids encountering the untreated panels finally settled indicates that they perceived the smooth Plexiglas panels as a suitable substrate (Fig. 5) . Walters (1992) , Lemire & Bourget (1996) and Walters et al. (1999) Hills et al. (2000) and Matsumura et al. (2000) observed a much lower proportion of settlement for Semibalanus balanoides cyprids in short-term fieldbased behavioural studies (<1% settled during 30 min recording intervals). The high propensity for settlement on smooth substrata explains the dominant role of B. improvisus as a fouling organism on boat hulls in the Baltic, Kattegatt and Skagerrak Seas.
Only in laboratory studies of larval behaviour in still water did we find a clear effect of crude extract prepared from an homogenate of adult tissue. Cyprids appeared more inclined to make contact and explore substrata treated with adult extract than when no conspecific cue was present. This stimulating effect of adult extract was, however, not found in field and laboratory settlement experiments. Recruitment and settlement remained unaffected by different preparations and concentrations of adult extract compared to untreated substrata. Our results on conspecific extracts are in contrast with a previous laboratory study on Balanus improvisus (Dineen & Hines 1992) , and with several studies on other barnacle species in which the presence of chemical extracts from adult conspecifics induced strong gregarious settlement, e.g. Semibalanus balanoides and Elminius modestus (Knight-Jones 1953 , Crisp & Meadows 1962 , B. amphitrite (Rittschof et al. 1984) , Chthamalus anisopoma (Raimondi 1988a) , C. montagui (Whillis et al. 1990 ), B. crenatus (Miron et al. 1996) and E. covertus (Wright & Boxshall 1999) . The comparably weak response to conspecific extracts shown by B. improvisus suggests an opportunistic strategy whereby this barnacle readily colonises newly opened substrata. The lack of a detectable response could be an artifact, since the cues experienced under natural conditions will, at best, be a subset of extracts from adults (Zimmer & Butman 2000) . The use of whole-barnacle extract is an established method used in many recent studies to produce conspecific cues (e.g. Jarrett 1997 , Hills et al. 1998 , Matsumura et al. 1998a with no or few equivocal results. Furthermore, Dineen & Hines (1992) have previously shown that B. improvisus cyprids are stimulated to settle by extracts from whole conspecific and congeneric adults prepared as described by Rittschof et al. (1984) . Nevertheless, preparation of chemical extracts from whole adults is a coarse method for assessing conspecific cues. For B. amphitrite, a settlement-inducing protein complex (SIPC) has been identified and purified (Matsumura et al. 1998b) , and future work may reveal similar cues for other barnacles. In contrast to the results presented here, recent results in the field (Jonsson et al. 2004 ) and laboratory (Head et al. 2004) indicate that gregarious settlement is present in B. improvisus but may be induced by cues from cyprids or juveniles. Such cyprid -cyprid interactions have been shown to stimulate settlement in S. balanoides (Yule & Walker 1985) , B. amphitrite (Clare et al. 1994 ) and B. improvisus (Head et al. 2004) . It may be speculated that a finetuned response to different conspecific life-stages in the neighbourhood could be used to optimise the fitness of a settler. An opportunistic strategy based on colonisation of newly opened space may select for cyprid -cyprid interactions that ensure future copulation in ephemeral populations. Cyprid -adult interactions are expected to be stronger in more long-lived populations, where the presence of adults indicates high-quality habitats.
The results of this study suggest that the pattern of recruitment in the barnacle Balanus improvisus may reflect larval behaviour, whereby responses to different physical and biological cues determine final settlement choice. Local conditions may influence responses in larval behaviour and subsequently determine the final recruitment pattern. Behaviour may change the proportion of settled individuals through active rejection based on chemical cues and surface texture. In contrast to previous studies, the present study suggests that conspecific adult chemical attractants are a minor cue for aggregated settlement of B. improvisus. Instead, we propose that rejection of unsuitable substrata may be an important factor driving aggregations of settlement in B. improvisus on adjacent substrata that are suitable for settlement. Our results, linking rejection behaviour to aggregated recruitment, support the hypothesis of Hui & Moyse (1987) that rejection leads to an increased local pool of settling cyprids available for acceptable substrata.
